During development of the chick central nervous system, the trajectories of the descending medial and lateral longitudinal fascicles (MLF and LLF) are pioneered by axons originating from the interstitial nucleus of Cajal (INC) and the mesencephalic trigeminal nucleus (MTN), respectively. Both tracts cross rhombomere 1 at two specific locations in the basal plate. In this study, we have investigated the molecular properties of these crossing points and find that they are permissive regions situated in an otherwise inhibitory boundary region. We show that the dorsal part of rhombomere 1 is inhibitory for the growth of both MTN and INC axons. Ventrally, MLF and LLF axons are repelled from the midline by Slit proteins. Our results reveal the existence of a new repulsive/inhibitory mechanism for axons in the alar plate in addition to the ventral repulsion by Slit proteins. This suggests a model where MLF and LLF axons are channeled longitudinally within the neural tube by both dorsal and ventral constraints.
Introduction
In the developing vertebrate nervous system, axons navigate to their targets according to precise guidance cues in their environment (Mueller, 1999; Tessier-Lavigne and Goodman, 1996) . Early axon tracts are predominantly oriented either longitudinally or circumferentially, forming a series of orthogonal pathways-an early axon 'scaffold' (Easter et al., 1993 (Easter et al., , 1994 Wilson et al., 1990; Windle and Austin, 1935) . These tracts constitute the growth substrate for later growing axons, and thus form the basis for the emergence of the complex architecture of the central nervous system. Several families of axon guidance molecules have been identified, including the Netrins, Semaphorins, Slits and Ephrins (Dickson, 2002; Huber et al., 2003) . These molecules may act in contact-dependent or diffusible manner, and exert either attractive or repulsive effects on growth cones. The distribution and mechanism of action of guidance molecules have been intensively studied with respect to axon pathfinding along circumferential trajectories. However, the molecular mechanisms governing axon guidance along longitudinal pathways, including the early pioneering axons tracts of the developing central nervous system (CNS), are less well understood. It seems likely that along the rostrocaudal axis, guidance cues are exerted by particular structures, for example, boundary regions. In the hindbrain, rhombomere boundaries act as 'conduits' for early axon growth in the circumferential plane (Lumsden and Keynes, 1989) . Also in the forebrain major axon tracts appear to develop along boundaries (Figdor and Stern, 1993; Larsen et al., 2001) . However, in the case of the forebrain, it has recently been shown that none of these boundaries clearly defines the trajectory of pioneer axons (Hjorth and Key, 2001) . Presumptive pathways are likely to express specific axon guidance molecules that might be involved in determining the polarity of longitudinal tracts with respect to the midline. Recently, insight into the molecular mechanisms determining the position of longitudinal axon tracts has come from studies in Drosophila showing that differential sensitivity to the midline repellent molecule Slit results in axon tracts adopting discrete mediolateral positions at various distances from the midline (Rajagopalan et al., 2000; Simpson et al., 2000a) . While similar mechanisms may operate in vertebrates (Bagri et al., 2002) , the full complement of neuronal subtypes that are responsive to Slit proteins remains to be described.
In this study, we have focused on the possible guidance role of anterior rhombomere 1 (AR1), located immediately posterior to the signaling center constituted by the midhindbrain boundary (MHB; Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001 ). Two prominent longitudinal axon tracts traverse rhombomere 1 early in development: the medial longitudinal fascicle (MLF) and the lateral longitudinal fascicle (LLF). These two tracts are the major descending pathways that course through the developing brainstem.
The MLF and LLF are pioneered by axons of the interstitial nucleus of Cajal (INC) and the mesencephalic trigeminal nucleus (MTN), respectively. In chick and zebrafish, the MLF is the first descending tract to arise from the forebrain (Wilson et al., 1990; Windle and Austin, 1935) , in contrast to the mouse, where it appears later in development (Easter et al., 1993) . The neurons of the INC, which later function as neural integrators for head posture (Klier et al., 2002) , originate close to the diencephalonmesencephalon border, and just rostral to the oculomotor nucleus. INC axons grow first ventrally towards the midline and then turn caudally, forming the MLF that courses through midbrain and hindbrain towards the spinal cord (Lakke, 1997) .
The MTN consists of proprioceptive first order sensory neurons that innervate mechanoreceptors in the jaw muscles and periodontal ligaments. In the chick, MTN neurons are the first neurons born in the midbrain (Chedotal et al., 1995; Hunter et al., 2001) , and differentiate under the influence of fibroblast growth factor 8 (Fgf8), thought to diffuse from the MHB (Hunter et al., 2001) . MTN neurons send their axons ventrally and then caudally towards the hindbrain, forming a fascicle that lies laterally to the MLF. MTN axons then cross the MHB and grow into the hindbrain, where their peripheral branches finally leave the CNS together with the trigeminal motor axons through the exit point of rhombomere 2.
Both MLF and LLF cross the MHB and rhombomere 1 within the basal plate, at stereotyped positions on the mediolateral ( ¼ dorsoventral (DV)) axis. We were interested in elucidating the molecular properties of these crossing points, specifically to ask whether they represent axon growth-permissive apertures in an otherwise inhibitory AR1 environment. First, we tested whether dorsal AR1 would have a general inhibitory influence on MLF and LLF axons. Indeed, replacement of ventral AR1 by dorsal AR1 inhibited the growth of both axon populations. In contrast, both axon populations freely crossed into the hindbrain when the AR1 region was replaced by midbrain tissue, or by orthotopic AR1 transplants. Orthotopic AR1 grafts from different donors resulted in alterations of the projection pattern when the grafts did not align perfectly with the positional cues in the surrounding tissue. We further demonstrate that both axon tracts are repelled from the ventral midline by a mechanism that is at least in part based on the action of Slit proteins, highly expressed in this region. Our results suggest that both MLF and LLF, rather than following local positional cues, are 'channeled' through rhombomere 1.
Results

The pathways of INC and MTN pioneer axons
The early axon projections of INC and MTN neurons were examined by immunohistochemical staining on embryo whole-mounts using pan-neuronal markers (RMO-270, 3A10). Neuronal differentiation in the INC is first detected at stage 13 (Chedotal et al., 1995) , after which axons start to grow out and extend alongside the floor plate, at a position ventral and medial to the LLF (Fig. 1C,D,E) . MTN neurons arise at stage 14 (Fig. 1C ) on either side of (Fig. 1B) , and start to extend axons at stage 15 that initially project ventrally (Fig. 1F) . At a dorsoventral position coinciding with the ventral limit of Pax7 expression (Fig. 1E) , MTN axons then make a 908 turn and project caudally, pioneering the LLF (Fig. 1A,D,E) . Since Pax7 expression defines the alar neural tube (Jostes et al., 1990) , MTN axons are effectively turning at, or close to, the sulcus limitans between alar and basal plates (Fig. 1E) .
Both axon tracts, MLF and LLF, cross rhombomere 1 within the basal plate at specific locations at late stage 15 (not shown) and stage 16 (Fig. 1D) , respectively. Rhombomere 1 can be distinguished early in development by its delayed neurogenesis compared to the flanking regions of midbrain and rhombomere 2 (see, for example, Fig. 1D ). Examination of the behavior of the first MTN axons growing towards the MHB shows that they appear to loop backwards ( Fig. 1G,H) , indicating that their growth may be initially impeded when approaching rhombomere 1. Later arriving axons rarely show this behavior, but fasciculate on the pioneering axons (Fig. 1E) .
Our findings on the timing of birth and axon outgrowth of INC and MTN neurons are consistent with those of previous studies (Chedotal et al., 1995; Hunter et al., 2001) . We saw no difference between the staining patterns of neurofilament antibodies (3A10 or or the cell adhesion molecule DM-GRASP/SC1/BEN in vivo or in vitro at these early stages of development in the midbrain. Both types of antibody stained the same neuronal subtypes in the midbrain up to stage 18 (data not shown and see Chedotal et al. (1995) ). INC and MTN neurons appear first, followed by the neurons of the oculomotor nucleus and then, at around stage 18, the first tectobulbar neurons (Chedotal et al., 1995) .
Orthotopic control transplants
We performed two types of orthotopic transplants, in which unilateral AR1 grafts were re-inserted in their original DV orientation. The tissue to be grafted was either dissected and directly inserted back into the same embryo, or stained with CellTracker dye and transplanted into a host embryo. The aim of these experiments was to examine whether, and to what extent the transplantation surgery would non-specifically affect the formation of axon tracts. Transplantations were performed at stages 11-14, and MLF and LLF axon tracts analyzed by immunostaining with several neural markers after stage 16, when the axon tracts were expected to have crossed into AR1. Specimens in which the transplant was not well integrated, or in which axon tracts on the contralateral (control) side had not crossed into AR1, were omitted from further analysis. Embryos were then classified according to whether MLF or LLF axons had crossed the transplant, or stalled at its anterior border.
Both experimental situations, i.e. direct re-implantation of the dissected AR1 tissue ( Fig. 2A) , or grafting into a host embryo (Fig. 2B) , resulted in normal growth of MLF and LLF axons into the AR1 transplant and into the hindbrain ðn ¼ 15Þ:
2.3. Heterotopic grafts of midbrain tissue in place of AR1
To examine the effect of heterologous grafts on MLF and LLF pathway formation, we transplanted lateral midbrain tissue with normal DV polarity in the place of the AR1; again, grafts were unilateral leaving the contralateral side of the embryo as control. As before, embryos were classified according to whether MLF or LLF axons had crossed the transplant, or stalled at its anterior border. We saw that midbrain tissue grafts did not inhibit or stall growth of MLF or LLF tracts, and axon trajectories were indistinguishable from normal (compare Figs. 1D,E and 3B). The results of the heterotopic transplantation experiments are summarized in Table 1 , showing that 83% of the MLF and 100% of the LLF axons freely crossed the midbrain transplant ðn ¼ 13Þ; with little variation in the behavior of the axon tracts at different stages (stage 11 -14) . We sometimes observed a de-fasciculation of axons within the transplant, probably an effect of the midbrain environment (Fig. 3B ).
Dorsoventrally inverted AR1 grafts
The MLF extends just lateral/dorsal to the floor plate, while the LLF follows the sulcus limitans between basal plate and alar plate. Thus, both tracts occupy a comparatively ventral position within the neuroepithelium. It seems likely that the precise crossing points for MLF and LLF within AR1 depend on the specific molecular properties of the neuroepithelium in these regions; for example, the crossing points could be permissive apertures in an otherwise inhibitory AR1 environment. To test if dorsal AR1 would be non-permissive for MLF and LLF axons, we inverted AR1 tissue with respect to its dorsoventral axis, so that both tracts were now confronted with dorsal AR1 territory. The transplants were classified according to whether MLF or LLF axons had crossed the transplant, or stalled at its anterior border.
Our analysis revealed that for both axon tracts, dorsal AR1 does indeed exert an inhibitory effect, and that this inhibition is age-dependent. Fig. 3C shows an example of an embryo fixed at stage 16. Confronted with the inverted AR1 graft, both MLF and LLF failed to enter the graft. In stage 17 embryos, some specimens showed MLF axons circumnavigating the graft ventrally, or growing dorsally along the border of the transplant (Fig. 3D ). It seems possible that the grafted dorsal tissue did not extend up to the floor plate of the host, and hence a remnant of the resident ventral tissue may have remained as a substrate for MLF axons. This explanation is consistent with the fact that stalling behavior was more frequently observed for LLF than for MLF axons (Table 2) . Some LLF fibers seem to course ventrally, finally joining the MLF (see arrow in Fig. 3D ). Only very few LLF axons entered the graft, at a very dorsal position (see small arrow in Fig. 3D ). MTN axons that succeeded in growing into the transplant did so in regions of originally ventral AR1 tissue. This suggests that MTN axons actively search for their ventral AR1 entry point. Table 2 shows a quantification of the behavior of MLF and LLF axon tracts confronted with dorsal AR1 tissue grafted at different developmental stages. When embryos were grafted at stage 11, MLF and LLF fibers stalled before the transplant in 33% of cases. The percentage of stalling axons increased considerably with grafts performed at stage 12 (50% for the MLF and 67% for the LLF), to reach 83 and 88%, respectively, when transplantations were performed at stage 13 -14.
Dorsal AR1 does not release inhibitory or attractive guidance cues
In order to analyze the molecular nature of the guidance cues exerted by dorsal AR1, we made in vitro co-cultures of dorsal AR1 with midbrain explants containing MTN neurons. Since MTN neurons are generated along both sides of the mesencephalic roof plate, dorsal midbrain tissue including both sides of the roof plate was explanted (see Fig. 1B ). The fact that axons grow out equally well from both sides of these explants (Fig. 4A ) allowed us to place dorsal AR1 tissue next to one side of the dorsal midbrain tissue, and use the other side as control. Both tissues were then embedded in a collagen gel matrix. The co-cultures were incubated for 40 h, fixed, and stained with an antineurofilament antibody (RMO-270). In all co-cultures examined, MTN axons were never seen to be repelled by AR1 tissue (n ¼ 8; Fig. 4B ). Quantification of the outgrowth pattern of MTN neurites revealed no significant difference between control axons and axons confronted with AR1 (Fig. 4C) . Thus, 55% of the axons on the experimental side exhibited a normal outgrowth pattern (62% of the control axons), 19% were classified as 'attracted' (16% in the control), and 26% were 'repelled' (22% in the control) (Fig. 4C) . However, we noted that MTN axons often avoided crossing the dorsal AR1 explant, and grew instead along its border (Fig. 4B) . We saw no evidence of repulsion of MTN growth cones at a distance from the AR1 explant (Fig. 4B,C) . These results suggest that the AR1 does not secrete diffusible attractant or repellent molecules, and that The number of midbrain grafts permissive for MTN and INC axons is shown in comparison to the total number of operated embryos ðx=nÞ: its action on growth cone navigation is likely to be contactmediated.
Ventral expression of putative repulsive molecules
In addition to the non-permissive or repulsive action of dorsal AR1, channeling of MTN and INC axons through specific locations in the MHB would also require positional signals emanating from ventral AR1. To test this hypothesis, we studied the expression of members of the Slit family of axon guidance molecules in the ventral midbrain and in the MHB.
A major role of Slit proteins may be to keep axon tracts at a certain distance from the midline, as has been shown in invertebrates (Rajagopalan et al., 2000; Simpson et al., 2000a) , and in vertebrates during later forebrain development (Bagri et al., 2002; Guthrie, 2001 ). Both Slit1 and Slit2 genes are expressed in mesencephalon and AR1. As illustrated in Fig. 5A -C, Slit1 expression is restricted to the ventral mesencephalon, with a gap in the middle of the mesencephalon. Interestingly, its dorsal expression limit at the MHB coincides with the path of MTN axons crossing the MHB (Fig. 5C ). Slit2 is expressed in the roof plate and the floor plate (Fig. 5D -F) , and the lateral boundary of Slit2 expression coincides with the trajectory of INC axons in the ventral midbrain (Fig. 5F ). These observations led us to investigate the potential role of Slit proteins in guiding INC and MTN axons.
In vivo, INC axons grow around Slit expressing regions
AR1 tissue was transplanted into host embryos in such a way that the arrangement of positional cues within the graft would not exactly match with those of the host (Fig. 6A) . Grafted embryos were then subjected to Slit2 RNA in situ hybridization and double-labeled with a neuron-specific antibody. Our experiments show that Slit2 is expressed ventrally in the graft (Fig. 6B) , as expected from the normal expression pattern (Fig. 5E,F) . The analysis revealed that 90% of the MLF axons did not grow straight across the transplant (Fig. 6A , see also Fig. 2B ), and in all cases examined, MLF axons grew around the Slit2 expression domain ( Fig. 6C; n ¼ 8) . Thus, the Slit2 expressing area very likely exerts a repulsive activity on at least the MLF axons, suggesting that Slit proteins might be involved in specifying the pathway for INC (MLF) growth cones across AR1.
In vitro, MTN axons are repelled by Slit expressing cells
The influence of Slit proteins on the growth of MTN axons was analyzed in in vitro co-cultures, similar to those described above for MTN neurons and dorsal AR1. xSlitsecreting cell aggregates were co-cultured in collagen gels next to one side of the MTN-containing dorsal midbrain tissue, while the other side of the midbrain explant served as a control for normal MTN axon outgrowth. In these cultures ðn ¼ 15Þ; 61% of the MTN axons confronted with xSlit cells showed an outgrowth behavior that we classified as repelled, in comparison to only 25% on the opposite (control) side (Fig. 7A,B,D) . Fifteen percent of the experimental side MTN axons grew out normally (52% of the control), and 24% showed an attracted behavior (23% of the control). In control experiments ðn ¼ 15Þ; in which midbrain explants were placed next to non-transfected Epstein Barr nuclear antigen (EBNA) cells, MTN axons grew through the cell aggregates (Fig. 7C ) undisturbed (compare with Fig. 4A ). Repulsion of MTN axons confronted with xSlit expressing cells, in comparison to MTN axons on the control side, was evaluated using a Wilcoxon-signed rank test, revealing a significant difference between the experimental and the control side ðP # 0:01Þ: These results indicate that xSlit protein is indeed inhibitory for MTN neurons, and might thus guide MTN growth cones across rhombomere 1.
Discussion
This study provides evidence that pioneering axons of the two principal longitudinal tracts, MLF and LLF, are channeled into the hindbrain at specific dorsoventral points by dorsally and ventrally derived repulsive factors. The dorsal part of rhombomere 1 repels axons of both tracts and thus restrains them from growing into the alar plate. However, the nature of this dorsal factor remains to be elucidated. In addition, we show that the ventral-most part of rhombomere 1 exhibits local inhibitory properties that affect MTN. We provide evidence that Slit1 and Slit2 proteins, expressed in the ventral mid-hindbrain, may effect the separation of MLF and LLF (Fig. 8) .
Repulsion of MTN and INC axons by dorsal AR1
When approaching the isthmus region, the first MTN axons seem to make loops and grow backwards, both in chick (Chedotal et al., 1995) and in mice (Mastick and Easter, 1996) , suggesting an encounter with some repulsive signal at this position on the anteroposterior axis. We tested dorsal AR1 for inhibitory properties by inverting the AR1 tissue with respect to its dorsoventral axis. At stage 13/14, dorsal AR1 repelled MTN and INC axons in more than 80% of the embryos analyzed. Repulsion of INC and MTN axons was less prominent when transplantations were performed at stage 11 (33 and 43%, respectively). The weak effect of dorsal AR1 at stage 11 may be explained by the fact that at this stage, the tissue may still be labile with respect to DV polarity and can re-polarize when inverted, as has been shown for the DV axis of rhombomere 4 at early embryonic stages (Simon et al., 1995) . We could confirm that the repulsion of INC and MTN axons observed in the grafting experiments was specifically due to dorsal AR1 tissue: when we grafted midbrain tissue, or noninverted AR1, at the same position, we saw virtually no repulsion of MLF and LLF axons. These results suggested that the dorsal AR1 is a source of repulsive molecules for MTN and INC axons.
Is the repulsive dorsal factor secreted or membrane bound?
The inhibitory activity of dorsal AR1 demonstrated in our in vivo transplantation experiments, could be due either to secreted or membrane/substrate-bound repulsive factors, or to dorsal AR1 tissue being simply non-permissive for growing axons. To detect potential diffusible chemorepellent activity, we made collagen gel co-cultures of MTN neurons with AR1 tissue. These showed that outgrowth of MTN axons was unaffected by AR1 tissue placed at a distance. Thus, it seems unlikely that the inhibitory activity of AR1 is caused by diffusible chemorepellents. However, MTN axons usually avoided growing into the AR1 tissue preferring to grow around its margin. This suggests that the non-permissive/repulsive properties of AR1 tissue are preserved in these cultures and that they are likely to be contact-mediated. While our in vitro experiments were performed only with MTN and not with INC neurons, we assume that INC axons would behave in a similar way, since in the grafting experiments both axon populations stalled before the graft, or circumnavigated it.
For spinal cord, it has been shown that commissural axons are repelled by BMP7 and GDF7 released from the roof plate (Augsburger et al., 1999; Butler and Dodd, 2003) . However, this chemorepellent effect of BMPs on commissural axons does not operate over distance. We have set out to analyze a potential effect of BMPs on MTN axons by culturing MTN neurons together with beads soaked in BMP2/4. Interestingly, rather than being repelled, MTN axons appeared to be attracted by BMP2/4 (K.M. preliminary results, data not shown).
Another candidate molecule for axonal inhibition by alar plate tissue is Fgf8, which is strongly expressed by a circumferential stripe of hindbrain cells at the MHB (Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001) ). Recently, it has been shown that Fgf8 is not only involved in pattern formation in this area, but also attracts trochlear axons in vivo and in vitro towards the dorsal neural tube (Irving et al., 2002) . Moreover, it has been suggested that higher Fgf8 concentrations may be present dorsally in the isthmus (Carl and Wittbrodt, 1999) . Inhibition of Fgf8 in vivo results in a severe reduction in the number of MTN neurons (Hunter et al., 2001 ), but no axonal path aberrations have been observed. In addition, conditional inactivation of FgfR1 in the midbrain of the mouse results in aplasia of cerebellar vermis and inferior colliculi but no specific tectal defects are reported (Trokovic et al., 2003) . Thus, it is rather unlikely that Fgf8 is involved in the inhibitory effect of AR1 on MTN and INC axons.
The guidance of these axons across the MHB might also be based on local, substrate-anchored positional cues, as is suggested by our co-culture studies. A similar phenomenon has been described for the pathfinding of retinal axons (Harris, 1989) : Xenopus retinal axons confronted with a clockwise or counter-clockwise rotated optic tract tissue turn in correspondence with the direction of pathway rotation. This demonstrated the existence of stable, local positional factors, rather than remote diffusible factors for establishing the pathway of retinal axons along the optic tract.
Lateral position of the axon tracts
INC and MTN axons seem to navigate along the border of Slit2 and Slit1 expression, respectively, as is evident in our double labeling experiments for Slit expression and axon pathways (Figs. 5,8) . Thus, Slit proteins appear to have a repulsive guidance activity on both INC and MTN neurons. Slit has been shown to function as both a shortrange and a long-range repellent in Drosophila (Rajagopalan et al., 2000; Simpson et al., 2000b) . In vertebrates, the diffusion of Slit proteins is evident from their ability to regulate axonal growth at a distance in collagen gel coculture assays Chen et al., 2001; Hu, 2001; Li et al., 1999; Nguyen Ba-Charvet et al., 1999; Shu and Richards, 2001; Wu et al., 1999) . On the other hand, Slit binds to laminin and heparin (Hu, 2001) , and thus can be retained in the ambient extracellular matrix where it would act as a short-range signal. A graded distribution of Slit proteins has not yet been shown. Shortrange repulsion and/or high Slit protein concentrations could explain the growth of INC fibers around the perimeter of the Slit2 expression domain in normal development and in transplants. In contrast, MTN axons might be kept at a certain distance from the midline by a combinatorial effect of the two Slit proteins. Such a phenomenon has been described for several axon tracts in the forebrain (Bagri et al., 2002) . Our co-culture experiments of MTN neurons with xSlit expressing cells clearly demonstrate that MTN axons are sensitive to Slit2. xSlit is the Xenopus orthologue to the mouse Slit2 (Li et al., 1999) . We did not test Slit1 in this assay system since it has been shown that there is a functional redundancy between mouse Slit1 and xSlit . Both repel the same axon populations, suggesting multiple Slit ligands can interact with a single Robo receptor Li et al., 1999; Yuan et al., 1999) . Nevertheless, a Slit1-specific effect on MTN neurons cannot be completely excluded: In our assay system, we observed that 61% MTN axons were repelled by xSlitexpressing aggregates. That not all axons were repelled may be because the Slit concentration in our collagen co-cultures was too low. Another possibility is that other factors normally expressed ventrally, such as Netrins, may reinforce the repulsion of MTN growth cones in vivo, or that outgrowing axons from tectobulbar neurons may dilute the effect. In addition, our evaluation of axon growth in culture might misplace some actually repelled axons into the category of attracted and thus reduce the percentage of repelled axons. Little is known about the molecular basis of the differential reaction of different axon populations to Slit proteins. In Drosophila, the response to a Slit protein gradient by axons in the longitudinal pathways is controlled by a combinatorial code of Robo receptors (Rajagopalan et al., 2000; Simpson et al., 2000a) . A similar mechanism has not yet been reported for vertebrates. A recent, theoretical study argues that purely quantitative rather than qualitative differences between the various Robo receptors would suffice to account for the effects observed following the removal or the ectopic expression of specific Robo receptors (Goodhill, 2003) . This is supported by recent findings that Slit2 binds to Robo1 and Robo2 with similar affinity (Simpson et al., 2000a) . Thus, the exact position of the MTN and INC axon tracts might be based on quantitative differences in receptor expression between MTN and INC neurons. While this interaction between Slit proteins in the environment and Robo receptors on axons needs further elucidation, our results indicate that Slit proteins act as ventral repulsive cues, keeping the MLF and the LLF at a certain distance from the midline. Thus, our results support the concept of MTN and INC axons being constrained to specific tracts by a repulsive/inhibitory/nonpermissive ventral and dorsal environment rather than being guided by stable, local positional cues at the MHB.
Channeling of axons
In conclusion, the data presented here suggest that a channeling mechanism exists that directs MLF and LLF axons across the generally growth-inhibitory AR1 territory at stereotyped mediolateral/dorsoventral positions. Dorsally, INC and MTN axons are confronted with a nonpermissive or repulsive AR1 substrate; no axon crosses. Ventrally, Slit proteins act as repulsive factors for both axon populations, keeping them at different distances from the midline source of Slit. Such a mechanism has recently been proposed for the development of lateral tracts in the spinal cord, in which Slits and Semaphorins are thought to act together to squeeze axons into a narrow corridor between two repulsive centers (Zou et al., 2000) . Thus, rather than following local positional cues, pioneering LLF and MLF growth cones would be channeled across the MHB boundary by avoiding the inhibitory dorsal and ventral environments, and thereby open the way for follower growth cones that fasciculate on the preformed pathway provided by the pioneers.
Experimental procedures
Eggs
Fertile hens' eggs were stored at room temperature and incubated on their sides in a humidified atmosphere at 37 8C for 2 days. Embryos were staged according to Hamburger and Hamilton (1951) .
Transplantation technique
Isochronic transplantations of AR1 and midbrain tissue were performed at stages 11-14 (12 -22 somites). Donor embryos were removed from eggs and collected in Howard's Ringer solution. The AR1 or midbrain tissue was excised using flame-sharpened tungsten needles (100 mm diameter wire). In order to exclude mesodermal contamination, tissue pieces were carefully cleaned from adherent cells after treatment with Dispase I (1 mg/ml in L-15 medium, Invitrogen, Karlsruhe, Germany) for 15 min at room temperature, then washed several times in Ringer solution and stained with an orange CellTracker dye (CMFDA, Molecular Probes, Leiden, Netherlands) as described previously (Wizenmann and Lumsden, 1997) . Host eggs were disinfected with 70% EtOH, 1 ml albumin was removed using a syringe and the eggs were windowed. The embryo was visualized by a 0.1 ml sub-blastodermal injection of India ink (Pelican yellow). A small hole was made through the vitelline membrane lateral to the site of operation and the MHB plus AR1 on one side was removed with tungsten needles, leaving the floor plate and the roof plate intact. The landmarks, described in the following paragraph, were the same for host and donor. The graft was placed using a tungsten needle into the correct rostrocaudal and dorsoventral orientation or with correct rostrocaudal but inverted dorsoventral orientation. After adding several drops of Ringer solution to the embryo, the egg was sealed with tape and incubated for 16 h. The embryos were then fixed in 4% paraformaldhyde in PBS overnight at 4 8C. For whole-mount RNA in situ hybridization or immunostaining, the forebrains of the embryos were opened to avoid nonspecific trapping and to allow better penetration of probes and antibody.
Landmarks
We performed transplantations at stages 11-14. At these embryonic stages, the MHB constriction or isthmus does not coincide with the MHB boundary as defined by functional and gene expression studies (Millet et al., 1996) . Thus, the morphological constriction is found within rhombomere 1, while the boundary of gene expression where Otx2 and Gbx2 expression domains abut one another is around 60 -100 mm (stage 11 -14) more anterior. MTN neurons are generated anterior to the genetic MHB along both sides of the mesencephalic roof plate, within the Otx2 (Millet et al., 1996) and Wnt1 (Fig. 1F ) expression domain. The ventrally growing axons of the most posterior MTN neurons also follow this outline of the MHB and grow within the dorsoventral extension of the Wnt1 expression adjacent to the MHB ( Fig. 1F ; Hidalgo-Sanchez et al., 1999) . A distance of 60 -100 mm (depending on the age of the embryo) rostral to the isthmic constriction was measured using a graticule, and a piece of tissue approximately 50 -90 mm in rostrocaudal length was dissected out. The excised tissue spanned AR1 and the genetic MHB. Grafts consisted of one half of the AR1 without the genetic MHB, floor plate or roof plate (see Fig. 3A ).
Types of grafts
The accuracy of this grafting procedure is documented in Fig. 3A . Embryos in which the transplant was posterior to the MHB or had not integrated well were discarded. Grafts were quantified according to whether MLF and LLF axons had crossed the transplant, or stalled at its anterior border. Grafts were also classified as 'uncrossed', when very few axons had crossed (see, for example, Fig. 3D ). We never observed stalling axons in midbrain grafts after stage 12. Grafts before this stage adjusted to the new surround and were integrated and thus formed a new MHB sometimes within the graft. This phenotype was also classified as crossed since axons did not stall at the border of the transplant but invaded it.
Orthotopic grafts
For orthotopic transplants, AR1 was dissected from a donor embryo and inserted with normal DV polarity, either into the same 'donor' embryo or after staining with CellTracker dyes (see above) into a different host.
Heterotopic grafts
Midbrain tissue was grafted in place of AR1 to examine the effect of heterologous tissue on MLF and LLF pathway formation. The midbrain grafts were excised along the dorsoventral axis of the central midbrain and processed like the AR1 grafts. The grafts were inserted with normal DV polarity.
Orthotopic inverted grafts
To test whether dorsal AR1 has any inhibitory or repulsive effect on axons, the AR1 was inverted along its DV axis. Thus, axons of the MLF and LLF were faced with dorsal AR1 tissue.
Whole-mount immunohistochemistry
Following fixation, embryos were washed three times for 1 h in 1% Triton X-100, 10% fetal calf serum in PBS. Embryos were then incubated for 3-5 days at 4 8C with anti-neurofilament antibody RMO-270 (1:5000 in PBS, 1% Triton X-100 and 10% FCS; Zymed, Berlin, Germany), Pax7 (1:100; Ericson et al., 1996 ; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) or monoclonal 3A10 recognizing neurofilament-M (1:100; Serafini et al., 1996 ; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). The embryos were washed several times and incubated with a fluorchrome-conjugated or a peroxidase-conjugated antibody (Dianova, Hamburg, Germany) for 1 -2 days at 4 8C. Embryos were given several final washes before the midbrains were flat-mounted for observation.
In situ hybridization
In situ hybridization was performed as described previously (Henrique et al., 1995) . The probes used have all been described previously: Slit2 and Slit1 (Gilthorpe et al., 2002) ; Wnt1 (Hollyday et al., 1995) .
Flat-mount preparation
The embryos were staged and the mesoderm was removed around the midbrain and MHB. The midbrain was cut along its roof plate and transferred to a slide. The midbrain was opened and flattened so that it could be viewed either from the ventricular or from the pial side. Preparations were then mounted under coverslips in a mixture of PBS/glycerol (1:10), viewed under epifluorescence or bright field and images obtained using a SpotRT camera (Diagnostic Instruments Inc.) and a confocal microscope (Leica TCS Sp).
Collagen gel co-cultures
Collagen gel co-cultures were performed as previously described (Lumsden and Davies, 1983) . Briefly, embryos were incubated to stage 13-14, dissected free of membranes and incubated in Dispase 1 for 10 -15 min. After several washes, the neural tube was isolated and pieces of the midbrain roof plate and of the MHB boundary were dissected out using tungsten wire. For explants containing MTN neurons we dissected out dorsal tissue pieces that included either side of the midbrain roof plate. Xenopus Slit expressing EBNA cells (xSlit, Wu et al., 1999) and EBNA cells were used as aggregates obtained by hanging drop cultures (Kennedy et al., 1994) . The cell aggregates were labeled with CellTracker dye before culturing (Wizenmann and Lumsden, 1997) . The Xenopus Slit applied here is an ortholog of the mouse and human Slit2 genes (Li et al., 1999) . Expression of Slit was controlled on Western blots by using a monoclonal anti-myc antibody (kind gift of Dr P. Knaus). Using a pipette, the tissues were transferred to a coverslip treated with laminin (0.1 mg/ml) and polylysine (1 mg/ml). Excess medium was removed using a drawn Pasteur pipette. Rat-tail collagen solution (450 ml) was mixed with 10 £ BME medium (50 ml; Invitrogen, Karlsruhe, Germany) and 14 ml of 7.5% sodium bicarbonate solution (Invitrogen, Karlsruhe, Germany). A drop of collagen (50 ml) was added and explants of AR1/cell aggregates and MTN were arranged opposite each other using a tungsten needle. The AR1 explant and cell aggregates were placed parallel to the longitudinal axis of the dorsal midbrain. Thus, only MTN neurons growing out to one side of the roof plate encountered AR1 or Slit aggregates. MTN neurons growing out on the opposite side could grow unhindered and served as internal control. These controls did not differ from MTN explants cultured on their own. Gels were left to set for 15 min in the incubator before the addition of F-12 medium (Invitrogen, Karlsruhe, Germany) containing Sato mix (Bottenstein and Sato, 1979) . The co-cultures were incubated for 40 h at 37 8C and 4% CO 2 , then fixed and immobilized for immunostaining with RMO-270. We were confident that neurofilament antibody staining labeled mainly MTN neurons: first, MTN explants incorporated only a small area either side of the roof plate comprising less than one fifth of the midbrain at HH 13/14; second, 24 h culture of the explants revealed almost no axonal outgrowth, whereas in vivo MTN axons have reached the hindbrain by that time. This suggests that neuronal development in vitro lags behind the in vivo situation for at least 24 h and therefore after 40 h in culture neuronal development can only be compared with embryonic stage 17/18. At this stage of normal development, tectobulbar and tectospinal neurons, the only other neuronal subtypes to grow in the LLF have only just appeared (Chedotal et al., 1995) .
Quantification of cell cultures
To quantify the behavior of MTN axons, their outgrowth was measured using a scale reticle in one ocular, and classified. Axons growing straight out from the explant were classified as normal. Axons taking a turn of more than 208 towards the test tissue were categorized as attracted and axons growing away from the tissue at an angle of 208 or more were classified as repelled. The classification of the axons was performed on both sides of the MTN explants, the one encountering cells or tissue and the other growing unhindered. Thus, some of the axons that are actually repelled might fall into the attracted category (and vice verse) when they leave the explant opposite the cells or tissue to be tested. Our 'isolated' controls show an equal proportion of growing axons falling into either the attracted or repelled category. However, between controls and test tissue we found a significant difference between the number of axons being repelled. Data were statistically analyzed using a Wilcoxon-signed rank test (Statistica 6.0 software). In every experiment, the samples of interest from experiment sides were compared with the relating samples from the control sides. Differences in axonal outgrowth between control and test side were considered significant when P # 0:01:
